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The effectiveness of material transport by the mechanism of single-file diffusion in comparison with the conventional mechanism
of the classical diffusion of atoms is discussed. The conditions under which the single-file diffusion can provide fast mass transport are
considered. The analysis and assessment made indicate that the diffusion of atoms along one-dimensional vacancy clusters formed in
the (AB )-type ion nano-crystals, may have a much faster mass transport compared to transport by the classical diffusion mechanism
of atoms, which is defining for massive crystals.
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O06roBoproeThes ePEKTUBHICTH TPAHCIIOPTY PEUOBMHU MEXaHiZMOM 0tHO(aiiioBoT 1u@y3ily MOpiBHSIHHI 3 MEXaHi3MOM 3BHYaiHOT
kinacuuHol andysii aromis. Po3misHyTo ymoBH, 32 skux oaHo(aiinoBa andysis Moxe 3a0e3MeduTH NPUCKOPEHUH MacorepeHic.
[IpoBenenuit anani3 ta olLiHKa CBimYaTh Npo Te, MO AUQPY3is aTOMiB B3IOBK OAHOMIPHMX BAaKaHCIMHMX KiIacTepiB, 10 (OPMYIOTHCS
B iOHHMX HaHo-KpucTaiaX THIy AB ., MOXe XapakTepusyBaTucs 3HA4YHO IIBMJIMM NEPEHECEHHSAM PEHOBMHHU TMOPIBHSAHO 3
MEePEHECEHHSIM 3BUYailHUM KIIACMYHUM MeXaHi3MoM andys3ii, sikuii € BUSHAYaIbHUM JUISl MACBHHX KPHUCTAIIB.

Karouosi ciioa: onnodaiinosa nudysis, oAHOMipHI BaKaHCikHi K1acTepy, iOHHI HaHO-KpUCTanu Tumy AB =~ .

O6cyxaaercs 3PEeKTUBHOCTb TPAHCIIOPTA BEIIECTBA MEXaHU3MOM 01HOai10BoM (01HOKAaHAIBHOMN) TP dy3nK 110 CPABHEHHUIO
C MeXaHU3MOM OOBbIYHOI Kilaccuueckoit 1P dy3nn aromoB. PaccMOTpeHbl yCIoBuUS, IPU KOTOPbIX ogHo(aiinoBas auddysus Mmoxer
00ecneunTs YCKOPEHHBIH MacconepeHoc. [ [poBeeHHbIN aHamn3 U cenanHas OlleHKa CBUJIETENBCTBYIOT O TOM, UTO TU(Qy3Hst aTOMOB
BJI0JTb OTHOMEPHBIX BAKAHCHOHHBIX KIIACTEPOB, (POPMUPYFOIIMXCS B MOHHBIX HAHO-KPHUCTAITAX TUITa AB |, MOKET XapaKTepu30BaThCs
3HAUUTENBHO O0JIee OBICTPBIM MEPEHOCOM BEIIECTBA M0 CPABHEHUIO C MEPEHOCOM OOBIYHBIM KJIACCHIECKUM MEXaHM3MOM Iu(Qy3uu,
KOTOPBIit SBISETCS ONPEIEIISIONNM JUIS MACCHBHBIX KPUCTAIIJIOB.

Karouesble ciosa: onnodaiinosas 1uddysus, oxHOMEpHbIE BAKAHCHOHHBIE KIIACTEPhI, HOHHBIC HAHO-KPUCTAILIBI THIIA AB .

Introduction

Nano-crystals — are the crystals with the linear size
of <1—-10nm. As the experimental and theoretical studies
demonstrated the nano-crystals physical properties are
radically different from those of usual size scale crystals
[1-3].

The special properties of nano-crystals are caused
by the fact that in comparison with bulk crystals the very
important changes occurs in the nano-crystals structure and
in its electron energy spectrum. The main reason for these
changes is the fact that the surface atoms of crystal and the
atoms of subsurface layer by thickness of 6~3a (a — the
lattice parameter) have the number of nearest neighbors
(the number of particles of the first and of the subsequent
coordination spheres) reduced in comparison with those in
bulk of crystal. An elementary estimate shows that if the
crystal size is d= 106~ 10 nm, the number of atoms that are
“feeling” the absence of half of the space is =50 % of the
total atoms number.

The natural consequence of change in the number of
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surrounding atoms (the coordination number change) is
that the “surface” and “near-surface” atoms are have to
displace to new positions. This changes their oscillations
parameters, charge state, polarization and thus changes the
nature of their interaction. In (AB,  )-type ionic crystals
due to changes in the valence of ions and due to additional
polarization in the surface layers of nano-crystals the
specific transitional structures or so-called layered lattices
are formed [4]. These structures are characterized by the
appearance of a covalent component of the chemical bond
between the layers of ions. Herewith very important is
the fact that the rearrangement of the crystal lattices is
accompanied by the crystal stoichiometry violation.

So formation of a layered crystal structure entails
a change in valence of the ions. This in turn results to
appearance of the excess (non-stoichiometric) vacancies
in the corresponding sub-lattice due to the necessity to
satisfy the condition of electrical neutrality of the crystal as
a whole. Conglomerations of the stoichiometric vacancies
form one-dimensional channels (clusters), which in the
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case of nano-sized crystals can penetrate through them. A
typical example of ionic crystals in which by decrease their
linear size to the value of <10nm were experimentally
observed all the above mentioned changes in the structure,
are the crystals of cerium oxide CeO, [5, 6].

One-dimensional vacancy clusters penetrating nano-
crystal cause the possibility of an unconventional material
transport mechanism — the mechanism of so-called single-
file diffusion [7, &].

In this work, we assessed the efficiency of material
transport by the mechanism of single-file diffusion in
comparison with the conventional mechanism of the
classical diffusion of atoms, which is determining for the
massive crystals. The conditions under which the single-file
diffusion can provide fast mass transport are considered.

Classical and single-file diffusion of atoms in crystals
Itis known that the basis of description of the traditional
(classical) mechanism of atoms diffusion in crystals is the
model of random walks. According to this model, atoms
jumps during their thermal migration occur independently
from each other, i.e. there is no correlation between them:
next jump of the atom does not depend on what was the
previous jump. All directions of the subsequent jump are
equiprobable [9]. In this model, the radius-vector of the
average displacement of a large number of atoms equal to
zero: (X(t))=0, and their mean square displacement is not
zero: (X*(t))#0. For one-dimensional diffusion of atoms
in crystals in the framework of the classical model the
Einstein— Smoluchowski ratio is valid:
(X*(t))=2Dt. (D
Here D — diffusion coefficient of atoms characterizing
the material transport efficiency, t — time of diffusion.
It should be noted that if one compares the distance
of the atom diffusion displacement from an initial position

L= +/2Dt (la)
with a total length L, which it passes during the same
time, it appears that L ,<<L. This inequality indicates the
low efficiency of random walks (of chaotic motion) by
diffusion mass transferring mechanism and explains why
so small the penetration depth of the diffusing material is
even after long diffusion annealing.

In the case of the single-file diffusion unlike the
above-described mechanism, thermal chaotic migration of
atoms is limited to “one-dimensional” channel in which an
atom can move in one direction only and diffusing particles
can not bypass each other. The mean square displacement
for this diffusion mechanism is described by the following
formula [6]:

(XH(1))=2Ft", 2
where F — mobility — parameter characterizing the
movement of atoms in the single-file diffusion. By itself, the
parameter F can’t be used to characterize the effectiveness
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of the mass transport. However, if we use the random
walk model applied to a single particle that is moving in
one direction and that is not experiencing any interaction
with other particles (an analogue of the single-channel or
single-file diffusion), the mean square displacement can be
described by the following equation [10]:
(XA(1))=1(X(1)). 3
(X(t)) — the average displacement of atom in one
dimensional channel,  — the average distance between
neighboring diffusing atoms. Considering that in the case
of single-file diffusion: (X(t))= /2D t (similarly to
the relation (1a)), and using (2) we have:
D =2F?/)2. 4)
D parameter has the dimension of the diffusion
coefficient and can be used to characterize the effectiveness
of the atoms transport by the single-file diffusion
mechanism.

Comparative evaluation of effectiveness of the
considered above two diffusion mechanisms of atoms
in crystals

For a quantitative estimation of the effectiveness of
mass transport by the classical diffusion mechanism and
by the single-file diffusion mechanism let’s consider the
dimensionless ratio:

X=D_/D=2F*/)\D. (5)

Substituting in the equation (5) reasonable values
of quantities: A=0,5nm, D~=10"?m?s (for ionic crystals
at the premelting temperatures [9]), as well as the
experimentally found value of the mobility factor: F= 10"
2m?s'2 [6], we have: X~ 10.

Conclusions

The analysis and assessment made indicate that the
diffusion of atoms along one-dimensional vacancy clusters
formed in the (AB,_)-type ion nano-crystals, may have
the much faster mass transport compared to the transport
by the classical diffusion mechanism of atoms, which is
defining for massive crystals.

In fact, this result suggests that in the case of single-
file diffusion the length of the diffusion path of atom along
the vacancy cluster L approaches the value of its total path
L,i.e. L,=L. As it already was mentioned, for the classical
diffusion of atoms based on the random walk model the
inequality L, <<L takes place.

The described effect of accelerated material transport
in the ionic nano-crystals, in the structure of which there
are vacancy clusters, must occur in the greater extent, the
smaller is the homologous temperature, i.e. the smaller is
the value of D; also the more the density of diffusing ions
is in cluster, i.e. the smaller is the value of A (see Relation
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